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Abstract 

Time-depentlrr~t persistent, current, rffects p1a.y it,11 important role in t,llr Iwam dymm~- 
irs of suI)““oI”lurtillg synchrot,rons. 11, t.llr TEVATR,ON rolliderl t,hrsr da,ngrs ma,nifvst, 
t,llemsrlves ill vxia,tions of the srxt,upole momrnt,s of t,ll<: tliplr ma,gnrt,s during t,hr iujw 
Con front porc11 ant1 accelrdion. I will briefly review the physics of prrsistrut~ crwrent~s a,nd 
t,hen discuss t.hr dfert,s observed iu the TEVATR.ON and the st,ra,trgirs 11se~ I to dimina,te all 
appa,rrnt, prol~lrms, edding the TEVATR,ON t,o a-celera.t:e t,llr: highest, irlt,ensit,irs t,ha,t t,lw 
Main R.ing ha.s l)wn able t,o deliver. The approa,cl~ t,aken is t,ld of a.11 a~u:tdrrator l)lqwicist,. 
not a. ma.gnet designer. 

The Fermi1a.h TEVATR,ON includes of 774 slly,r~colldl~lct,ilIg diplr bending ma,gurt,s. Tlw 
Ill]“‘:t~lorl energy 1s 150 GrV, r,orrespondirrg t,o a. ma,grlrt,ir gni(lr field of 0.66 Trsla. At, low 
excit,ation, persist,rnt currrut, rff;?ct,s creat,e signifir-ant, dist,ortions of tlw magnrtic field. I11 
the TEVATR,ON, the sext,llpole romponent, (b,) is most, affected by t,hrsr rlist,oltions. Thr 
dorninant~ effect on the I)ea.m dynanirs is to cawf: a,tltlitional, la,rg;r contributions t,o t,ll? (.1,11.0- 
nmticit~ies. In 1987, during t,he first TEVATR,ON II’ ~1 co 1~ CI 11171, a snlwt~nnt,ial t~illl~i-~~l~~l~~~~~lt~11~~~ 

wa.s ol~srrvrrl in the chromat,icit,ies 011 t,llc 150 GrV inject.ion front, porch’. Mot~iva,trd I)y t,hrsr 
obserwdions, mra.snrenw~~t~s on TEVATR.ON, IIER,A, xltl SS(~! dip&s have S~OWII t,hat tlww 
xr la.rge t~imr-rlel)~t~tl~rlt, persisted current, effect3 a.t low rxr~it,ation’. 

‘D. Fir&q et,. at.. ‘Time Drp~nd~nt Chcmmt,irit~y <!fvmgw iu Llm TEV**RON,“, fr<mr<lings cd the 12”’ P;,r,idr A’Tr:,,:r- 
i,t,,r ~:<nlfmm<-c. Washi,lgt~m. D.C., hlawh lfi-IO, l!lSj:. 

zsee, fur ~:xm,‘fr. ILW. ,,.2,11,~ Pt. al., “St.r,rlier 0 I Ti,,,,~ Da,,“mlrlrc.~ IIf FkfilS ill TISVATHON ‘i,,,‘“l’.“,“lnl-rillg Di,“‘k 
Macg~rfs’,” F’r~~ce~cfingx c~f thn IISX Al~pfirrl Slll,“l.“lll’fi~,.+,iYilY CO~~~~PIIC~, 5;s~ Fra~~~-ix~-c~, (:A. An~g~tst 21-2’1. IMX, H. 6’riic.k 
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I will first describe a. motlel which successfdly nrcount,s for tiIn~-il~rlrpendnlt, persistrnt 
current effect. I will t,hen tlismss t,he ol~served t,ilrl~-ciPprIl(lrIlt,~Ilt rffect~s_ the efforts t,o deal 
wit,11 t,hesr prol~lrn~s ill the threr TEVATRON collider TIIIIS, mtl lms5ible fut,uw wcdi at: 
FermiI&. 

Persist,mt, Currfxlt, Effrcts 

Static persist,ent currenbs cm 1~ nntlerst,ootl using t,hr “crit,ical st,a,te” motlt4” of type 
II sul’“‘CO”‘lllct~o~s. Tlw model pmt,nla,trs t,lmt a. t,ype II snlxrrondnrt~or will ;I,tt,mlpi: t,o 
nminbaiu zero ma.gwt~ir field in it,s int,erior ill ws~mnsr t,o changrs iu il.11 ext~rrnal mappt~dc 
field. This is a~rrorr~l~lishctl by grnemting s~~rk’a,r:r curl-mt,s with the wit.ic;d c-nmwt~ clrt!sit,y 
.J,: I .I I 1 .. .:I: the mttmd fielcl wit,lliu t,hr ~uJ:)~~(:(~~~~lllctor. h,,C il h xi,,? w 11c 1 Cdl,< c :, 

Figure 1 illust,mtcts t,lle rkvelolmwnt of persist,rmt, currents in a. single srll~~~co~~(lllrtiIlg 
filwnrnt, in a,n ext~erd ma,gnrt~ic firltl. This mo&l 11a.s I~wrn ~~srd by t,hc DESY gmul~ t,o 
predict the st,at.ir: n~ult,ilmles of t,he HER.A dipoles with great, prec~ision4. In Figwe la,> a, 
fila.mmt is irnmcrsetl in an rxknal field B,, wit,11 B, < B,, whew B,, is the “lwn&ating” 
field. To mnrrl t,he effect of B, wit,hin the fila,mrnt,, a 1)ilmla.r cosH cmwnt, distril~nt,ion wit,11 
.I, is induced at the dgcs of t,lw fila.mmt,. As B, is incrmsrd t,he persist,mt, cwmwt~s fill a 
la,rger ant1 la.rgrr frac.tim of t,llr cross srct,ion of t,llr filmwnt~. At, B, = B,, t,hr fllamrnt is 
frilly penet,ra,ted md t,llr lwmist,rnt, clmrrnts flow ill t,hv entire cross srct~ion of t,he fila.mrllt. 
(Fig. lb). If the rxkrml field is raised I,eyontl B,> t,hr filmxnt, cm 110 lmgrr cmcrl thr 
t:xternnl field cl~mg:rs~ ant1 thr field wil~lliu t,lle fila.mmt~ incrra,srs wit,ll incrrasillg rxt~crlld 
field. If the rxt,ernal field is rlecrr~~srtl t,o I~elow B,,, il,u a,r\~litional set, of pcwist,c7lt, nlllrrllts 

a,tt,empt,ing t,o cmrel t,lw cl~anges t.o t.he int~rrml firld will 1,~: induced, a.s iu Fig. 1~. 
Srverd bhings a.re immrtli;l,t,rly a,l+mmt, from t,llis motlel. Persisknt~ cnmwts will flow iu 

ever,y fila,ment in a1 nmgnet t,h;tt, is ill a. nm-z~~~o magnt‘t~ic field. They will ura~t,e a, magnrt~ic 
momellt, propmt~iollal t,o t,hr fila,mrnt~ radius, i,lw amonnt, of pe~wt~ra,t~ion of t,he filmlent, and 
the criticd rnrrm1t,, w11,ic:h is a, fnnct,ion of t,he t,emperatllw and the magnrt.ir ficxltl. Tln~s, 
they will 1x2 largest, a,t low field (ie’., injdion), whew B is sma.11 and .J,. is largr. They will 
a,lso crea,tr all ma,gnrt,ic ndt~ilmlrs a,l1owerl l,g t,lw symnwt~r,y of t,hr lna,gwt. For inst,allc:r. 
in a. tlipolr one will lmvr dipole, scxtnlmlc, &c;~,lmlr, rt,r., ~11~1 iu a qua,drupolr, ~tm’tr~~polr 
ant1 tluodeca~lmlr, rt,c. Fidly, siuw t,llr rnagnrt,s are ra,mped, t,hr fields mn 1wmn1~ ql~il:v 
c.omplic~atetl. 

c,,. a,., “lhm D.Y,‘P*Nlcn’Y <,f PPISiSl~‘?,,t~:III.IF,,r Firlll DiE,,lll.,.il,,lS ill t,,r S,,,.rl,.c,n,lnl.ti,,~ HERA Mngrlars,” P,rlf-rr&llgs Id t,,w 
2”‘l Enr<,pPnn PaA,:,? Arc~P,PrI,,.<II ci,rlf~~r:r,r<~. Ni<.C, .Innr 1’2.Ii, l!,!NI, a,,<, A. “rvmcl rt. ,a., “Time i3w.q M‘:.?XIIIPIIIPrIts Id 
t,,c Scntu,de c:<>,,1,““‘.%” of the \4,apllpli(. Fir,,, ill i, 4.cm *,>ert,,re, 1 7.,n.L<mg ssc: Di,dc: \I:.&nrr Pr‘>tcltmlr.“. Prw‘:rllirlg+ 
,,I t,h~ *EEE Parlirle AtTelr:rat~,r <!nnferetwc, Sm8 Frnnc-is,-cl, Mny II-!), 1!3!11. 

,‘C.P. Bran. Pl,ys. Fir”, L,FL,.PlX 8, 2x1 (,!U?2). 
‘H. R,iirk ct. nl., “Firlcl ~~irt,,lti,,nsfi,,,n ,wsis,,mt ~.,,~i~,,t~si,, the ~l,~,~1.,-~,,“,1,,.,,i,,~ HERA ,,,ag,,~ts”; Z. Fl,y>. C: P;nfi<-lrs 

and Fid<lS 44, :,h530A (1!ls!q 



Fig. 2” is a plot of t,hr mra~suretl sext.upole component in a HER.A dipole as a, funct~im of 
current, (t,lw amnvs indicate thr direction of the mmp) and the pdict~ions of il, ca,lnll;l~tioll 
lmsctl on the model I have tlescrilml. 111 bot,h HER,A md the TEVATR,ON, t.hr Iwrsist~rnt 
mrwnt srxt~qxdr a.ffrrt.s only t,lle clwmmt~icit,y, a.nd t,liis cm be cancrll~d wit,11 t,lr? ordimq 
chronmticit,y sext,upoles. In t,he TEVATR,ON t,llere me no other significmt: lmsist,ent curnwt~ 
effect,s, while in HER.A, t,hece are dso sigrrificmt drcapole and doderapoln fields whic,ll a,r’r 
c.ompe:l~snterl locally wit,ll beam pipe corrtdion coils. The srt,tings were det~crminrd wing 
1.1~ ~nodel, and t,he Ixa,m lifdinlrs were sa,tisfxtory. 

This moclel does not include t,irne tlelxntl~x~ce. However, obsrrvat,ions in the TEVATRON 
in 1987 sl~owrd t,ha,t there wa,s R subst~antid t,imr-drpend~,nt, component, in t,lw prsist~cxt~ 
current fielrls, musing b2 sllift,s of nl> t,o 2 rnlit3 (XI lulit,s of chromil~t~icity) during: t,llP inject~ioll 
front porch “. Tl& drift . nppmrs t,o lx linear when the independent varial)lr is chasm 
to be log t, ‘. In Fig. 3 I plot t,hr obserwtl sextupolr moments in a TEVATRON ad 
a,11 HER,A’ dipole a,s a. fmc%iou of t,imr on t,lw injcct,ion front, porch. Thr “flnx crrrp” 
n~otlrl of Type II snl’c~~~“~~‘lllctors” lm:dict,s a, loga,rit,hmic t,imr &my of lwrsist~rnt, r-lwrlrt,s. 
Although it, sulxrfici;l.lly cqla,itls t,he olwrwtl ~:lmr~gw in Inagnet,izat,ioll, furt,lw olmwa,tions 
on short, sanples of supmmnd~~ct~or a,s well as 011 I-1ER.A and %?(~I dipoles inclira,tr t,lmt 
t.hr tlrrria,gnet,iza,t,ioll ril,ltr olrsrrvcxl in colnl~lrt,e nla,gnrt~s is n111(:11 lqp than mra~swwl in 
shol+ sa~Irll~les~O. Also: t,hrre xe history and t,rmlwmtwr~ de~~~endrncrs which a,rv ollt,sidr 
of t.1~ flnx creep nvxlel”. Rrrrnt,ly, a n~o~lrl of t,llis ld~enonmmu 1~s lx=t:u drvrloped’“. It, 
msumes a ~e(list,~il)llt:ioll of t,he persist,ent; c1unwt~s a.mong t,he strmrls in a, magnet,. Altlml& 
qdit,htiwly this morlrl it.ppea.rs to rxpla,in t,he effect,, [llla.llt,ita,t,ivr: modelling ha,s Ilot. .yrt In31 
dOIlC 

Acwlera.t,ion is xcmnlmr~ic-d by a, clmr~gr in t,hr I~m~rl field in the tlil)olrs. This chmg~ 
lerrmgnetizcs t,llr s~~l)~:~co~~~luct,ilIg filaments, a,nd ii, new critica, date will he formed wit,11 a. 
slightly la,rger rxt,erual field. .45 in rrsu t, I , a lwrsist.ent rumd dist,ril>llt~ioll wry simila,r t 0 
i:lmt a,t t,he start, of t,llr ranp is for~nrd. Thr drift, of ba 011 t,he front por.dl is ~u~tlonr, m(l 
the I-2 unit,s of drift, in b2 is removed ill the first, src-ends of accderation. If unrolnl)~,rls~ttr(l~ 
this c.an led to li~rgr changes in t,lw chronlil,til:it;ies x1(1 lmssil,le inst~ahilit~irs or Iwam loss 
due t,o rcsonmcc excitation. 

Fig. 4 is a plot, of t.lw ~nea~snrwl lo), a,s a t;mcit,ou of rxcit,at,ion c~wrrnt. of a TEVATR.OY 
dipole during a complet,e ramp ryclr. The 61) rninnte injection front lm~11 is iu(lica,td 011 t,hr 
plot,. The &=&a. do not, a,plxa.r cont~im~onsly lxca,nsr the lll(?a,sIII(~lllrllt, syst,em was d~~sigwd 
t.o t,a,ke 60 rea,rlings ill 6 seconds, spend several seconds malyzing the rlat~a,“‘, md repcat 

5 P. Sc.lmiixrer, prir‘atc ,-ll,,n,,m,il-nti(lll. Nc,,.r 0, ;,1 t,w EnrqmIl ,-<>,l\w,fio,, jr ,<l IIwd 18, fin t,ir ldi,“Je ~-<m,wlll.nt., 1’2 fiil 
tiw <,uaclrltp<,le. I,:, f,iV ,.l,r rrrtn,“‘lr, et,‘. 

“Finley ct. a,. 
7H. W. Hanfl et.. a,. 
‘P. Sclnniirrer, private (.0lllllllllli(.nti1)11. 
“P.W. Andersm. Phyr. He”. r,ettws 0. :%I!, (l!K!). 

‘“See the ProrFerlings of t.,w T‘>pi‘.d W~doll~~,, l>Zl mq+etit. Ellr,-t,.e cd Ptxxixt~wlt cllllr:l,t~* ill s,,,,“‘i-lllllllll.l~lll, hl.zrdl 5-7, 
III’JI), Fermi Nat,ionnl Aw&ri~t.su I,;.I,~,~nr,~,lvn,ll, P, s;l-,nniiw~, “Fklll c~udit.” Iwwr ill s ‘i,“.I’.‘Ir,,,,a.Iirl~ Ma&LRtS,” PI~II~CWlillCI 
<,f t,,r IEEE Par,,i& ACI.P,W ,I,, or c:<>r,fPrrrre, San Fr;m,:iw,, CA., M.zy G!), IWI, 

“A. “rwcr, et,. a,. 
“R. Srinling, “A Powildr hlrc~lmt~isrnfi~l- Enlbnmwl Pcrsislrnt Cnrnmt~ SP*~~XI*P Dwzry in SX Dilxdc*.” ssc!I.-:35~~, ,I>ulua~y, 

,%)I~ 
‘T’M ,,n,,n,, et. <il., “A FWi1il.Y f,<l Text, shrt~ s,I,‘cI~.I~I1~,1I~-1illg Ar<?~,rrnl<>r k,n~,in”s al Frmi,nl~,“, FEHMILAH-(!,,,,~-!,z/Z!,~. 



t.11e Irleasurelllrnts, rt,c. The ar~nvs irltlicat,v t,he tlirrct,ion of t,hr rmnl’. It. is nrcrssa~r) 
t.0 ;qq~roxh the ill,jr&on current from Mow in or&r to prevent, lqr jumps iu I:), as t,hr 
persist,rnt, (current, cont;rilmt~ion jumlm from t,llr upper Inu~ch t,o t,llr lowrr I)rmclr of t,he cwvc 
3,s a~ccrlrra~tion st,a,rts. By lxogra.nnniug m ~mdershoot~, t.lrr system is nmde less serlsitivr t,o 
power supply collt~rol l”ol,leIns. The geonwt,ric II, of this mngwt~ is abont, I8 units, mrl t.lw 
persist,ent, current cont~rilmtion is il,pl)roxinla,t,rly 4 wit,3 at, the lowest, mrrrnt~ of t,hr mrnp, 
md -5 unit,s at the injection current,. One sees roughly 2 unit, tlrift, of 11, 4uring t,hr front 
porch. 

The 1987 TEVATRON Collider Run 

The 1987 TEVATRON collirlrr run pmvi(led t,lle first, real rxperirurr: in operating 2s a~- 
l)‘r~orl[ln~~ting synchrot,rou 3,s a, colli(ling Iwam farili t,y. Tlw TEVATR,ON hxl oIxra,t,r<l rl,s 
a, fixer1 t,a,rgrt, a,rrrlrril,tor for several yrxs, Imt in t,lmt, mode of opwa,tioll the a~ccrlerat~m 
is ra,inpetl continuolwl,y a.1~1 there is not il. chmcr for significult, t,illlr-d~I)elldfllIt, pcrsist,nlt, 
current e:APct,s to &velol~. In colli&r olxza.t~ion, t,hrrr is il,n iujrct,ion frollt. lmr~:h at I50 GeV 
of l-3 hours during whirl] the tmusfrrs int,o t.hr TEVATR,ON arc t,ww(l np, m(l t,hrrr is m 
rxtrndwl fla.ttop at !)OO GeV tIllring which high energy physics rnmiug occurs. 

D. Finley et. a,l.14 0I~ervcd t,lra.t tlnring t,hr I-3 hour front, porcll the cll~olna,ticit,irs 
rlm~ged by up t.o 70 unit,s. Furtlrrmmrr, t~lwy uotrrl t,llat a.t t,hr st,art, of ilr(,clc,r;rt,ioll t,hr 
t,une sl)ect,ra,l which a,rr rm~~tii~~~omsl y monitwc:tl wit,11 a set, of Schot,tky &+ctors which detect, 
coherent, l~rt~a~trori oscillil~ttions, l~mm~lrne~l bo the lmint a,t; which it, wa.s inilmssil~lr t,o olxwrve 
my coherent, sigxl. The p t~rmswrsr rmit~ba~nrr iucrra.srcl by almnt~ :30’%: during t,hr rallp3 
aid the F emitt~mces ~~lo~~l~l~~d. 

In or&r t,o undrrst~ancl t,hesr efFrct,s, rxprrinirnt~s a,t t:hr iujrct:,ioll wwrgy were nndrrt~akru. 
In one rxperinwnt, t,he hist,ory of t,he TEVATR.ON before injrct,ion wa,s va&(l. Two sc:t.s of 
mmsurenie~its of the chronia.ticit~irs wm: ~rmlc, one in which t,hr TEVATRON was set, t,o 
t,hr inject,ion energy aft,f,r ranping mnt,ilmollsl,y to flat,top for 2.5 ho1ws, md our in which a. 
TEVATR.ON magnet, Hansel clumcl~r~ll wcrssit,at,iug t,urning off all t,he power supl)lirs, followc~d 
by a single ra.rnl, t,o fia,t,tol) mtl t,lwn Imck &nv~~ t,o t,hr illjrct,ion cwrgy. 111 bot,h casc’sI t,hr 
I’~11 TEVATR,ON ‘.. ~rlml) was usrtl. The thift, in t,hr (:lllorrl;t,t,irit,irs was found t,o Iw rlifi&xli~ 
fmm 01x5 rxprimrwt~ t,o t,lw ot,hrr. It, ws also ~liscovere~l tlmt lry raml)ing the TEVATR.OY 
to fla,ttop ail(l lmrk to iiljrction six tiines Mow ra,rll shot s&111), tlw varia.tioils ii1 t,hr 
cliroiimticity rlrift,s werr minilnize(l. Sul)seqllrilt,ly, t,llis ryrlr of ramps was l~~~~fmtnr~~l Iwfow 
every st~ow. 

A by-prodlrt, of t,lww exlwrinwnt,s, sl~owu in Fig. 5l”, was a, mrrflll set: of r:lrl,(~)llla,t,icit,y 
111Pil,S1~1rtilllellts 011 t,hc but, po~11 aft,cr t,llr six ramlm. Tlwsr WPW 11sm1 opwat,iomlly t,o set 

I4 Finley et. al. 
‘“Ferrdab TEVATHON 10~ 11wtk ED1u. ,,. ~$2. 
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t,hr rhromaticit~ies as a funct~ion of t,imr iut,o t,hr front, porrh. lIsr of i:llis t~wlmiqne puxlucml 
acceptable lifetinws. 

Finley et. al.“’ rnatlr a set of nxwure:lmnt~s on TEVATRON-style dipoles (tlipolrs wit~lmut~ 
t,hr iron yoke) t,o look for a, t,imr-d~l)rlld.lIt I~),. In tswh ~R,SP, t,liP nra,gnrt was pwlmrrcl wit.11 
t,hr: cycle of 6 mmp’: a,nrl the Ill~il.Sl~llelll~llt,s t,akm ollt, t,o 900 stmntls on t,llr front, l~r’11. 
They show a clear chmge iI1 11~ of about 0.8 unit,s over t,liis perio(~l. 

No a,tt,rrnpt wa,s nmclr t,o m~aswc b2 a,t t,lw start, of xmlera~t~iot~. An a.lgoritlm wa,s nsrcl 
wllirrll cahhted t~he drift, t,o t,lle rnrl of the front porc11, and once arcrlrrat,ion st,a,rt,rrl, hrlrl 
112 const.ant, uhil the mlur of b2 from the nomml hysteresis curve qualrrl t,lw rncl of front, 
porch va1ue3! a.nd from t,lmt point, on, IQ followrd t,hr hyst,rrrsis cwve (Fig. 6). This a~lgorit~lm 
tlid not, retlucr emit~tmcr growth tInring the runp. 

The 1988-1989 TEVATRON Collider Run 

During t,he iut~erva.l lwhvrm t,llr I!)87 &Ii&r um anal t,hr 1988.I!lS!l (hllitler I’w~, a co- 
laboration fomwl Iwt:we~w Trclmir~al Suplmrt, physicish mc I Accrlrra,tor Division physicisi,s 
t,o rtt,ternpt t,o umlrxst~a,nd t~he pwsist~rnt, currmt, rffect.s by nmking il t,l~orougll set, of ma,gnrt~ic 
Illea.SllreInelltS. The ~nemwen~wt~ wcw drsignecl t,o st,ntl,y t,lw hift, in I,, rluring thr iujrhim 
porch and at he start, of xrrlrra.t~im II~&X TEVATR,OY opmtiug cwclit~ims. Tllr ma,p:t~ 
llsrrl was a, 1 nlet,er hg I~wtotype rlilmle without tllr imu yoke. It, was moleid ill in vrrtic;il 
&wx. Ma~grwt,ic mxnrnts were measur~l hug a. Morgim coil t,llat, rot~atrd at, 4 Hz. md 
provi&rl mra.slwements a.t a 2 Hz. rn.tc The nqprt,s wwa rxcihl wit,11 t,hr TEVATRON 
waveforn~ in use a,t, t,lle t,imr”. 

All &ha WCTP t,a,kwl sta.rt.ing wit,11 a. MKI ;m,l~ q~~ench of t,llr magnrt~ followr~l l)y t,llt, cycle 
of 6 rmps, a frout, por’:hl mtl a fhal mmp to fla,tt,op. TIP t,est, (Iah from t,llis ma~gnrt~ 
indimted tht t,lle &4? in I), 011 t,llr front, lxml~ is ;I,l’l’“‘xinr;l,tely loga~ritlnnic in t,imr. III t,hcb 
first few seconds of a.rceIrr;~~t~icm, t,llr drift ill I), was undme a,lrcl l), rapic~lly &cr(msvcI t,o joill 
t.lw 110rma.l hysteresis ~IIIV~, mtlwr t,lla.u Iwing coust~a.ut~ Ilnt,il the llystwcsis va~lur waclwd 
t,he value at, t,lle end of t,llr fla~ttol). These ha a.w srnnn~xizecl in Fig. 7a, (t,lw loguitluni~- 
drift on the front, porch) mtl Fig. 71,, whicll slmm~~ t,hr rrsponse of I), a,t t,lw st a,rt, of tlw 
ranp. From Fig. 5, one sees t,ha.t the tlrift, incrmsrs wit,h increasing front, porch, irncl t,llr 
longer t,lle front porcl~, tire lmger it, t,akes for I), to rejoin t,hr hysteresis cuwe. 

The results of t,llrsr IIl(-!a,sIII.~l~llrllt,s wcw usrrl in t,lle programs which grnrr;l,t,c- t,lrr wxt~nlmlr 
mmps. For t~he injecl,im front, porch. the tlat,a mra.surr~~l in I!%7 (Fig. 5) were fit. t,o a 
logait~hnlic frmrt~ion 

“‘Fiulry et. al. 
“KW. Hanf,, ct. al. n,>., D,A. Hwnp rt. al., “Tinlc-Varying Srxlll~,l,ll?(!oll(:,-ti(gl* Dwing tlw Twnt,r~m Him~~~.” F’wwr~lhg~ 
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b>(t,) = -2.36~13 + 0.2m*lll(t,) 

whcrr the t,wo constant~s were drt~ennined from t,he fit,. Every few minut.rs 011 thr fmd pord~, 
t,he sfxt,npole wa~vrfonns were rrc;~lc~~la.t,rtl lbing: t,he current time a,t 150 GrV a,nd the mw 
dues sent, tb the power supply cont~rollrrs. The result,s of t,his scheme are shown in Fig. 8, 
in which the mea~surrd rllronlat~irit~irs il,s a flulct,im of t,inw a.t 150 GrV xt: sho~n’~. Thest 
chronmticit~ies represmt, t,he diffmmcr Idwwll t,hr loga,rit,hmic funr~tion for I), mrl t,hr ad IMI 
value in the ring. If the logarit~hmic: correction xrl~mtely tlescrilxtl t,lw drift, in t,lw dipoles, 
t;he chromat~icitirs wonltl be comtmt,. As can Iw seen from t,he figures, t,herr a,re tlrviat~ions of 
4-5 units over t,hr 2 honrs of front Pooh during which t,hese &a, were t,aken. For shot, set&up 
t,imrs of less than about, 3 hours, the a~lgoritlrm prrvmt.ed inst.ahilit,irs (kept, t,he chronm~ icit.y 
posit,ive) and a,lso kept, t,hr rhronmti~-ity low rwx~gh so t,lmt a. large t,nnr spread wmld noi; 
cmse pa,rt,iclr loss. For f ‘. t IOU por’l~rs of loqp t,lmn 3 lm~~rs, it, was wcrssa,ry t,o make a 
single: adjust,ment, t,o t,hr chroma~tirit,ies t,o nmkr the lif&nrs x~cpt~I~Iy long. 

The data, mea~s~m~l from t,llc t,rst, nmgrwt, whew usrrl tliwct.l,y t,r) cald~,te t,llr ror.rrct;ions 
at, the st,art of a,crelrrat,ion. Da,ta wer~~ t,akrn for X1 minllt,r, (it) nlinllt,r, a.nd Ml minnt,e 
front porches. A t, wo < mu wiorra,l I‘ % interpolat,ion, ill lrngt~ll of front, pow11 and energy, wil.s 
used to calcula~te t,hr sext,upole rmrrnt~s it,s a, flmct,iorl of enrrgy. .4t, rarh energy in t,Ile ra*n1’, 
t,lre difference was calcula.tcd Iwt,wrrn t,lle llyst,errt,ic value of 11~ a,nd t,Ile illt,tll)Olil,t(‘(l mlrw 
1~sed 011 mea.surenwnt~s tlruing t,lrr, ranI> aft.er the frout ~mrch. This 3bx wa.s t,hrn nsrd t,o 
correct t,he sextupolr mrrmt a,t t,hat, tmergy. The ce~lc~ula,tion WM done imnwdiat,ely Iwfbw 
the mmp, t,o ensure t.lmt the fiont~ 1mrcIl t,imr ww rorrect,. The time for t,hr rmnp from the 
injection front, porch to I.56 GeV (where ljz lms joined t,hr l~,yst.rrrsis CWYC) is 2-3 s~~~:~m~ls. 
depending upon t,Iw lrngt,ll of t,lle front, por~11. 

This algorit,l m vms il~clrrlllate for operat~ions. Doe t,o t,llr lrea~~~~-lwwr~ interar~t~ioli. t,hr 
p iut,ensity wa.s lilnit,d t.0 85E!)/hru1ch. Dwing ;~,ccelers.t,iou t,hwct wow dy small (<5X.) 
losses from the 1, Im~~cl~rs ad nmr from t,lw /, ln~uc:hrs. The ~ourw of this loss wa.s uevm 
underst~ootl. Rot.11 t,tle p aml F t~rmswrw mlil~ttalw wew ~~~~3w~l (luring ;I,l-i-rlr~il,t,ioll and 
t,he spectrum a,llalyzws did Ilot, sl~ow any signs of iust,a.l)ilitips, 

The 1992-1993 TEVATRON Collider Run 

Several significmt, chmges orcwrerl lxt~wrrn t,tlr I%%-IW nu1 and t,llr l!)!Ul!KKl rtm. 
Elwtrosta.tic~ separat~ors were inst~attrrt ill t,lw TEVATRON wit,11 t,Ilc iut,wt,ioll of wdnring 
t,he hea,&on heamlxan t~urldiifl, by a, f;dor of (i, t,luis a.llowilug inmra,srd p illt~tmsit~irs. 

This forces the TEVATR,ON t,o run closcx to illt,rrlsity-tlr~)rll(l~~~i; irnt,;d)ilit,y t,hrrslwl(ls. In 
addition, a,t t,he Iwginning of t,he run a.11 R,F cavit,y failml, which rrr~uiwd slowing r1ow11 t,Ilr 

‘“El .hhrson privst. ~-oL,l,,,ll,,i‘~~~~i,l,l, 



TEVATR.ON mmp. The time-clrpendcnt persistent currrut~s a,re knowu to vary wit,11 t,hr 
mrnp shape. and at, t,lle t,ime the clmngr wil,s ma.tle t,herr WCI’C no II~~~.SI~ICII~CI~~,S of I12(t,) wit,11 
t,hc *,ew Wa~veforIn. 

Possibly as a resnlt of t,he chmgw t,o t,he ra,*np, t,hr lwrsist~ellt, mrrrllt~ Ixlmvior in t,his run 
wa.s much rlifferent~ thm previously. For t,hr ill,jert.ion front, pord~, the logarit~hmir function 
from the 1%3-l!)%) rnn was IISP~. Fig. 9 is a plot, of t,hr nlra.surrtl rhronmtirit~ies a,s a. 
function of time: cm t,he front, porrh. The clr~olrlat,icit,ies are const~ant~ t,o wit,lliu 2 lmit,s 
(comlxcrtl with t,hr 4-5 unit,s in Fig. 8) over t,lw l.hrre hour period, ad Iwa,m liffdnres 
gmter thm 10 11ours have hem a.chievrd. This correction is ;declnat~e, a,11(1 t,lwrr has not, 
lmm any need t,o morlify t,he 150 GrV a,lgorit~lmi. It, is lmssil)le t~lmt t,he diff9wlces Iwtwvtm 
t,lw l!MS- 1!)8!1 ad 1X)2- 1!1!13 &da a.rr tlwe t,o t,ht tliffcrcnt wa,wfbrnls. 

Acceleration was initGa.lly done using a simple rrmdifirnt~ion of t.hr l!lSS-1981) dgorit~llul. 
A fixed waveform vms used, wit,11 t,hr: time a,t wllich t,lle persist.rut, rurrrut, corwct~icn~ wa,s 
mnovrd (ie., & = 0) 3,s the only lmmmetw. Tllr wa~vefcmn wa,s t,akrw l’rom t,lw l!K-l!)S!) 
ma.gnet IIlril~suI.(-~II1(:111. da,h. At, t,hr st,art of ac~crlwat~ion (whm lj2 st;arts to thmgc) t,hrrr 
were sntlde~~ lossrs of’ ahout, IO’%1 iu 1, I~~~nclwd 11~:;~.m int,cusit,y. TOP spect,rlun a,n;dyzr~s 
showed clea,r widcwcr of m instal)ilit,y. In fact,, if t,lir int,eusit,,y wil,s ilicrrasecl Iwyo~rr~l 12Ol3 
]~‘s/lnllKl1, mncl1 la.r#Y losses i1,IC~ I emit,tmw growt~ll occum~~l. To l)wveltt, t,liis from lq- 
paling, thr Ma,in Ring single lnmch iut,tmsit,y wa,s limitrcl 1.o less t,hm 12OE9 p’s/l~~~uch. At, 
t.hrse 1, int,rnsit,irs, t,he Ixmwl~mi t~luwsllift, is al,cmt, 0.01, wr:ll nu~ler t,hr: 0.02-I allowe~l in 
t.hr TEVATRON. 

In an a.tt,mlpt to rrniow this lilnitM,ion~ a,not,hrr pmgra,m of measunwlmt,s wil,s u~~dvr- 
t,aken wit,11 the Trrl~niml SuplmLt l)llysi&t,s. Once a,ga,iu, t,hr int,rut, wa,s t.o enmlat~v TEVA- 
TR.ON opera,ting conclit~ions it,s closrly a,s lwssil~,lr mtl mrasurr t,lw t,iltlo-(lrprrr~l~illl-r of I), 
in opera,tional TEVATRON dipoles. 111 conjunction with t,lw S% :L, a, t~angrnt~ia~l pole! I’O- 
Ming at, 6 Hz. antI providing mraslwenwnt,s of t,hr ma.gn&c mommt~s a,t 6 Hz. hzul Iww 
devrloprd’“. This prolw ea,sily arlq~trtl for USC ill a full-lwgt,h TEVATROK clilmlr. The 
vmvrform used t,o drive t,llr dipole nms t,lrr new TEVATR,ON rmq>, a~lt~hougl~ for c-oml~~- 
ison, one set, of mea,suwmmlt,s wa.s mde losing the old wa.vrfonn. The mea,su~~mrnt~ qvlr 
wllslstrtl of a, q”“1’11 at, 4000 am,,s followrd by t11r 6 ~mlps. 4 t,his point, t,hr rnml~ was ; t, 

stopped a,t t,hr 150 GV ir1,ject,ion front, pods Ibl; it~~~ywhrrr fmnl I /2 t.0 6 Ilonrs. Dllrillg this 
time I)* wa,s rr~ea~surerl ewry 5 minut,rs. At, t,lw end of the front, pcn~11, mother ramp qvl~~ 
WR.S rxecut~ed. n nrlng ,’ U” I-,+ ,:I I 1 ,t., 11s ds cl< c, Jd c a .d were collrrt~rd 3,s riq)icll,y 3,s pssil)lr. 

We have collrct~fxl a. large l)ody of tla,t,a, 011 t,illlrl-(IPl)Pll’lrlIt, lwrsist~mt~ cwrerlt, r&ct,s. WC, 
Il;r,ve mrirtl the init~ial condit~iorls (whether t,he Ill~il,slllelll~l~lt,s st,altfd wit,11 a quench 0~ wit,11 
iul hour at the 900 GeV fia.tt,op), t,llr lrugt,li of t,he frout, lm~.ch (from :10 t,o X0 nlinllt,(3). a.d 
t,llf: t,emprrat,nrr of the ma,gnet~ (from 4.6”1< t.0 :3.6”I<, in l-“.elmra,tion for t,lw Lowry t~rnll~erat,liw 
opera,t~ion of t,he TEVATRON). WI ‘I II c WC h;wr not yet fdl,y m+md ;r,ll of t~llesr c\at,a, al? 
da,ta from one dipole mtl 21, 60 Ininllt,e front, ~KILC-II lmvf: lwm llwtl t,o corwct, t,llr TEVATIION 
sc?xtllpolr wa~vrf0rl1ls ol”“l.“t,ioll~,lly. 

III Fig. 10 I plot, t,llr mea~swr~ I srxt~upole c.onllmlent~ as a fwct,iou of t,ime while 011 t,lw 
sixt,y rnimt,e front, lmd. I have also l)lot,trtl t,hr log;~rit~liniic flmct~ioll c-wrrnt~ly in IIS?, which 
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holds the clmmmticit~irs constant t,o less than 2 unitb OVPI’ a 3 lmu period (Fig. 111). Tlw t~wo 
functions are norma~lizrd to have the sa.me va.llw a,t, t,=0.1. Alt,l mugll bot,h a,lq>ea,r to Iw 1iwa.r 
in log(t), t,hrre is a, hrge rliscrrpa~r~cy Iwt~wren t,lie t.wo slopes. Since t,lw logarit~lmli~- fundou 
usrtl to program t,llr srxtopole c~urreuts at, ir~jcct~iorl is hsed on TEVATR,ON Illra,slll.elllrllt,s, 
we concludr that t,lw Ix4~avior of 11~ in the TEVATR.OK cannot, ~mxssxil,y lxx modellrd by 
a, single dipole. This discqmncy is not, unrlrrst~ootl. 

Fig. 11~1 is a plot of b2 vs. time a,t the st,wt of a~ccelrra,t,ion measnrerl cm a, TEVATRON 
dip&: nsiug the l!KY1- 1!)!13 wawfon~~ (Figure 1111 is the s.um for t,lw I%%-I%!) wawform). 
These <lath a,re dso taken wit,lL a 60 minute front, lm~lr. This shqw is quit,e differed from 
that, observerl using he 1%8-11CW mmp. From t,llis gmph, one imrnrdia~trl,y ndirrs s~ve1~~1 
t,lhgs: the cpmlit~y of t,lw da,ta, a,re mncl~ bet,ter for t,lw lW2-I!)!)3 tla.ta, due t,o t,hr inlprove~l 
protw md he slower ranp, which ;~llows us t,o acquirr nmre IllFa,sII1.Plll~lltS in a. givru rnwgy 
rage, ax1 t,lle shqws of the curves a.rr diffrrrnt,. 

TI ~,’ ‘. .t,’ ,~ wbe new cmlrc mn\ were inst~dletl iu the sext,llpolr wi~vrform grllrrators. WWII t,lw 
ccorrect~ions were illst,;dlrvl we 11ad datta for only a 60 minut,e front, porch. It, nxs ilssnnwd t~llat 
t,lw slmpe of t,hr i12(t,j cnrw wa,s invwiimt~ out, t,o 5.5 sewn&, wl1rrr L!JJ, = 0.0. Alld t~l1a.t 
only t,he start,ing point, (ie., t,llr (Irift a,t illjrct~ion) varied wit,11 the lrugt,h of dir frcmt~ 1~0~~1. 
The Ah2 curve WAS simply tra~nsla~trd uert,ic,ally by t,lw logarit,lunic drift, on t,lw fi-ant powh. 

The improvrnwnt~ wit,11 t,llis a.lgorit,h was imnwdia~tely cviclmt,. In Fig. IL+ I show t,lw 
intmsit,irs clwing t,hr r’, dmp with die origind ;dgorit,lim, sllowiug the IO%, loss, im(l ill IL?lp, 
t,lw int,ensi t,irs with t,hr mw a1gorit.h. Tlw hram loss tms tmm rlimimt~rtt imd t~ransmissiml 
fionr 150 GeV t,o fla.ttol) is ihost~ lOO’%.. The is no mras~lral~lr mlitt~:mcr glowt,ll at t,lw 
stad of the rmlp. This Iwlmviour has lma t,yl)iral of t,lle ramp sinw the *ww ;dgoritlm 
wa.s inst,dlrtl. W%~rra~s prrviollsly, t,o rlimilmtr inst,a.llilit~ies, t,llr Ma,iu Ring int,rnsit,y Id 
Iww limited, afh t,lir a,lgorit,lnn was installrd t,lw int~ellsit~y limit,a,tion wa,s wood. mcl t,lw 
TEVATR.ON hs hrm ;hlr to xcrlarat,e wit,lmlt, loss the highest, int~rnsit,y l)~~rr~-l~rs (111~ tb 
15OE9 p’s/lnn”l~) t,lmt the Ma,iu Rillg 1~s yet, Iwru a.blr t,o &liver. 

Future Plans 

Thr persist~rnt~ cwwllt, corrrrt:ions in USC now are ;~~clr:qw~~t~~: fm tllv mrwut TEV.ATR.ON 
operating rollclitions. I~Ising t,lw lo~ilrit~lmli~ fwdim ~nra~surerl ill 1!)87 for t.llr ill,jrct,iou front, 
porclr, lifet~inles longrr t,lmn 10 1~~1rs havr Imw chsrrvrtl at, 150 GeV1 ad the domina~nt~ 
source of Imrt,icle loss tloc~s not> a,l>pear to Iw rhloln;l,t,icit,,y-rzl;l,t.c-!ll. The mnwt~ions at t,llr 
start of ran*> also *pIwa t,o Iw aclrrlllate to intcnsit,iw of l.WE!) ~~‘s/l~~mcll. At, t,llat, illhsit,y 
t,llrre is no intlica~t~io~l of instd~ility or 0th t,yIws of I)xt,iclr losses. W do Id know t.lw 
tilnit~s, if t,tlere a,rr my, for t,llis dgorit~lm~. 

Alt~lmugl~ we srrm t,o 11a.w hrrn s~~cc~essfi~l in rlilnina,t.ing prol~lm~s cans~vl II!; prrsist,ent, 
crlrrrllt rffert,s, there are’ st,ill sevwa.i ~nia~~swrd cpwstions. TIM: a,lgorit~lnu wo 11aw Iwe~~ 
using for the drift, on t,lw I.50 GeV hit, par11 ww clet.ernCurtl flonl rr:n,l Iwam mwslmmlrnts 

x 



on the TEVATR,ON. Wren we mmsnre t,ha.t drift ccwefully 011 a. single nlagnet,. howm~~r, WY 
measure a suhsta,ntially different drift,. The &da, used to corwct, Ij2 dewing the ra,nlp (ill Imt,ll 
1988-1989 md 1902-l!I!M) 1 1x5 l~em tlrtermined from Illea,sl~l.(‘t~l(‘~~t;s ou a, sil,lgle Ina,gwt. a.nd 
seems t,o represent the ring a,s a, wl~ole. Over the next srved mont~hs WC int,end t.0 nwi~.suw 
112 drift 011 a sample of np to 10 ruiLgnrt,s. While we do not, expect t,llese nmwwrnwnt~s t,o 
yield perfornuacr improvemfwts, we Imps that, t&y will hrlp us wldrrst~aud t,llr pa~~amrltw 
t,lla.t determine t,lw b2 drift (mble composit,ion, colrst,ruct,iorl trclmiqrlrs, et,(:), 

We have shady taken a large &ha sa,mple wit,11 the first, nqnet WC t,rst~rrl using the 
l!)!K-1993 ramp. As hs been ment~ione~l, these tl;h will 1~ analyzed mtl it is t,o Iw 1q1ed 
will guide us in furt.her refining t,hr n~lgorit~lun for a,ccrlera,t,io~r il,uc I t,cs II 11s IIOW II, wjoiw t,lw 
llysbxesis curve for tliffwellt~ front, lmdi t.imes. 

Tlw corrections WC ue using now are atlrcpa~t,r~ np to single I~uucl~ int.rrlsit,ies of I5OElJ 
p’s/bu~~ch. The Ma,in Inject,or upgra,dr ra.lls for int,ensit,irs of 93OE1) p’s/lnmcl~. W do 
Ilot, know w1la.t sort of inst,ahilit,y l~rolhns to exlwct~ a,t tlrrw inl~emsit~ies ;rucl if t,lw uncut. 
;dgoritlun will work sa,t,isf;l,cto~il,y. It, seems Ilulikely t,lmt we will be able t,o olhiu I,rt,t,rr 
d&r a,t a, high frrqmmcy using t.llr pml~es curnmt~ly a,va,ila.lllr. If we a.w t,o inrl)row 011 0111 
curwnt open loop ront~rol, we will lmvr t,o drwlol~ some sod of a. rw lt,ime fredlmck syst,rw. 
Tl _ le Input,s t,o sllcll a system colllcl 1x2 ritller walt,imr lll(.il.sl~ll.(illlellts of lb1 in a rcfewncr 
dlpolr or clxonla.ticit:y Illril,s1ll.~lll(lllt,s. 211 

The persihmt. cnrrrtlt, prol~len~s a,, t HER,A a.rr significcdly largrr t,lmu the iu tlw TEVA- 
TR.ON. After leaming of these effect~s, t,llr HERA grout’ tlrcitlc:tl t,o implenwnt~ an active 
ferdbxk - ,t. f l~,~ hy:, em or ,A cont,rol. Thy lmve i~~st~nunrrhxl t,wo L’refwencr nmgnrt,s”, one from 
ea.cll of the nmgnet, lxodllrt,iou lines. They me~~.snw IJ, ill reil,l time, altl lmvr wed t~lwse 
mea~surrrnent~s t,o close the loop t,o t,lw clmmmt~icity sext,upoles a,t t,llrir injrct~iou ewrgy 01 
40 GrV. In tests of t,llis system, it has sncc~:csdc~l in Inil,iut,ailling c:oi,rst,mt, (:ll~olll;lt,i(.it.ir.S t,o 
lwtt,rr tlmn I unit, over a, :X0 minute pericxl. Alt~llol+$ t,llis syst.rn~ lms uot, lww rxt~msiwly 
osrtl, these lesdt.s give confidmrr t,ht a, frr~ll1a,c1~ solut~iou will work at, injrct~ion”, Tllr 
HERA group is plmIling t,o rvalrmtr t,his syst,rm in more drt.;l,il during t,lle ulmmhg nm. 
They also lmvr t,lte ahlit,y t,o close t,lle Ioq) a,t 1,11r st,art, of accrlrla.tion. This lms not, yet, 
been a~ttrnlptrtl, il.ud it, will lw very iut,rrrst,illg t,o see t,llr rrsrdt,s as t,llis syst,rnl is l~rollgllt~~ 
iho operation. If HERA cm l~lelrlollst,~;l,t,~ t:,ll;d fercllm-k on a nmgnrt, yields II, sigdica,nt, inl- 
prowment~ in performance, we will seriollsly mnsi~lcr designing md inst~alliug slu-I1 ii, syst,rln 
ill t,lle TEVATR.ON. 
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Be >= BP Be 

Figure 1. Diagram of persistent currents induced in a superconducting filament in an 
external magnetic field Be as Be is increased from 0 to a value greater than BP, the 
field at which the filament is fully penetrated. a Be -c BP. b Be > BP, ie., the 
filament is fully penetrated. c Be is then decreased to a value below BP. 
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the ramp. 
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Figure 3. b2(t) on the injection front porch for a TEVATRON dipoles and b HERA 
dipoles. 
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Figure 11. a Behavior of b2 at the start of the ramp, 1992-1993 waveform. b b2 at ‘* ~ 

the start of ramp, 1988-l 989 waveform. 
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Figure 12. a Intensities during the ramp, original 1992-l 993 waveform, showing 
the loss of proton intensity. b The same plot with the corrected waveform based on 
TEVATRON dipole measurements. 


